Abstract-We present results on the effects of ELDRS at dose rates of 10, 5, 1, and 0.5 mrad(Si)/s for a variety of commercial, radiation hardened, and ELDRS-free devices. We observed low dose rate enhancement below 10 mrad(Si)/s in several different part types. The magnitudes of the low dose rate enhancement varied substantially. The most notable case showed dose rate sensitivity in the functional failures for a commercial voltage regulator, with initial failures occurring after 10 krad(Si) for the parts irradiated at 0.5 mrad(Si)/s. Radiation hardened and ELDRS-free devices also showed ELDRS at the ultra-low dose rates. An ELDRS-free high power regulator showed a low dose rate enhancement factor of after 10 krad(Si) for parts irradiated at 0.5 mrad(Si)/s. The enhanced degradation at the ultra-low dose rates present challenges for hardness assurance.
I. INTRODUCTION

L
INEAR bipolar circuits are known to exhibit enhancedlow-dose-rate-sensitivity (ELDRS) in an ionizing radiation environment. ELDRS has introduced new challenges for radiation hardness assurance. The primary difficulty is the long irradiation time required to examine a part for ELDRS, which is a burden on a project's schedule and budget. The current accepted lot acceptance test, MIL-STD-883G, TEST METHODexceeding 10 mrad(Si)/s, or using an accelerated test [1] . The low dose rate enhancement factor (LDR EF) is the ratio of the radiation-induced shift of a device parameter at low dose rate to that at high dose rate [1] . The part is considered ELDRS susceptible if the EF is , given that the post irradiation parameter is above the specification limits [1] . Although several accelerated test methods exist, such as the switched-dose rate, elevated temperature irradiation, and hydrogen soaking irradiation, their applicability is inconsistent, impractical and/or unproven for a large enough sample of circuit types [2] - [4] . The most reliable test method is to irradiate at the required mission dose rate or at a dose rate mrad(Si). There has been a substantial amount of research in efforts to understand the physical mechanisms for ELDRS [5] - [15] . A widely accepted model discusses the presence of metastable delocalized hole traps, which help to create a space-charge effect in the oxide during high dose rate irradiation [5] . The space-charge effect reduces the charge yield and creates a higher trapped electron density near the interface, thereby decreasing the oxide trapped charge and reducing the degradation at high dose rate [5] . More recent studies have also revealed the important role of hydrogen to ELDRS [11] - [15] . Hydrogen can react with a transporting hole or a metastably trapped hole and release a proton, which can survive recombination with greater probability at a low dose rate [9] . Therefore, more protons are available to form a higher density of interface traps at low dose rate. In devices with higher hydrogen content, the degradation at a given dose rate increases [10] . Studies have shown that the sensitive device components can absorb molecular hydrogen from package contamination causing ELDRS in certain Flatpack packaged parts [14] , [15] . Several other studies also investigated the role of passivation layers and pre-irradiation elevated temperature stress on ELDRS [6] - [8] . Manufacturers have since produced ELDRS-free processes that are qualified at 10 mrad(Si)/s.
However the actual dose rate in space can be highly variable. The effects of ELDRS in a linear bipolar integrated circuit (IC) will be dominated by the dose rate for which the majority of the total ionizing dose (TID) is accumulated [16] . The Microelectronics and Phonics Testbed program (MPTB) tested the effects of ELDRS in an actual space mission [17] . The data from the LM139 comparator showed similar degradation levels as that from a simulated Co irradiation at a constant dose rate of 1 mrad(Si)/s. The results from this mission and other previous experiments showed that ELDRS does not saturate at 10 mrad(Si)/s [18] - [20] .
U.S. Government work not protected by U.S. copyright. Here we evaluate the ELDRS susceptibility at dose rates mrad(Si)/s across various part types and hardness assurance levels. We show that the transition point for exhibiting ELDRS in radiation hardened processes is reduced to a lower dose rate, so that some of the radiation hardened and ELDRS-free devices are still susceptible to ELDRS at ultra-low dose rates. We also discuss the implications for hardness assurance.
II. EXPERIMENTAL PROCEDURES
We have examined more than twenty different part types from Linear Technology, Texas Instruments, National Semiconductor, and ST Microelectronics. The various part types include voltage references, voltage regulators, operational amplifiers, and voltage comparators. The devices include radiation hardened (lot tested at high dose rate), ELDRS-free (lot tested at 10 mrad(Si)/s), and commercial-off-the-shelf devices (COTS). The parts are available in a variety of package types: Ceramic, Flatpack, TO metal can, and Dual-Inline-Package (DIP). In some cases the same part is available in both Flatpack/DIP and metal can packages to investigate ELDRS from package contamination. The irradiations are performed with a Co gamma ray source at room temperature. The dose rates are 10, 5, 1, and 0.5 mrad(Si)/s. Note that to reach 100 krad, the specification dose for many of the "ELDRS free" parts, it takes 6 years and 4 months of irradiation time at 0.5 mrad/s. Four to five samples of each part are irradiated at each dose rate. One to two samples of each part type are used as controls. Most of the parts, including voltage regulators and references, are irradiated with all pins grounded. Several types of the operational amplifiers and voltage comparators are irradiated with both biased and unbiased (all pins grounded) conditions. We characterized the electrical parameters onsite, with the exception of the devices from National Semiconductor, which were also shipped back to the manufacturer's testing facility at select doses. The characterization equipments include: the Agilent 6624 power supply, the HP34401 digital multimeter, the Keithley 2425 source meter, the HP34401 and Agilent 33250A waveform generator and the Agilent 4156 and Keithley 4200 parameter analyzers. Table I is a list of all devices under investigation. The table includes the part number, package type, lot-date-code, part function and bias configuration. Here we show highlight results from several select part types. The error bars in the figures indicate standard deviations from part-to-part variability.
III. RESULTS
A. TL750L Voltage Regulator
We observed the most notable dose rate sensitivity response in the TL750L05CDR, a commercial low-dropout voltage regulator manufactured by Texas Instruments. We irradiated 4 samples at each dose rate, with all pins grounded. In our previous data workshop publication, we showed results for devices irradiated at dose rates from 0.5 to 5 mrad(Si)/s [21] . We now include a more complete set of results, with additional data at 10 mrad(Si)/s. Fig. 1 shows the total dose level at which the first functional failure(s) occurred for each dose rate. The initial failures occurred after 60, 35, 20, and 10 krad(Si) for the parts irradiated at 10, 5, 1, and 0.5 mrad(Si)/s, respectively.
The functional failures are characterized by the output regulation failure with 100 mA load (maximum output load), while initially remaining functional with 10 mA load. In some cases the output failed for both the 100 mA and 10 mA loading conditions. The output voltage failed abruptly, without gradual degradation to any other measured parameter. The degradation behavior is similar to that of the 29372 low-dropout regulator from a previous study [22] . The failure is caused by the radiation-induced degradation to the maximum output drive current. The maximum output drive current decreases due to radiation-induced degradation to the pass transistors. As a result the output failures occurred for the 100 mA load prior to the 10 mA load. Fig. 2 shows the number of device failures at each dose rate as a function of total dose. Only 1 part failed at 10 mrad(Si)/s after 60 krad(Si). All 4 samples failed prior to 100 krad(Si) for 
B. LM117 Adjustable Voltage Regulator
The LM117HRQMLV is an adjustable positive voltage regulator manufactured by National Semiconductor, qualified up to 100 krad(Si) at 10 mrad(Si)/s, under biased conditions. We irradiated 4 samples at each dose rate, with all pins grounded. Fig. 3 shows the reference voltage as a function of dose at different dose rates. The relatively large standard deviations for parts irradiated at 1 mrad(Si)/s are due to 1 part showing comparably less degradation than the remaining samples.
We observed increasing radiation-induced degradation with increasing total dose for both the reference voltage and line regulation. We also observed dose rate dependence in the parametric degradations. Figs. 4 and 5 show the change in and line regulation as a function of dose rate, respectively, for different total dose levels. The degradation increases with decreasing dose rate, down to the lowest dose rate tested at 0.5 mrad(Si)/s. The dose rate sensitivity at the ultra-low dose rates also increases with increasing total dose. The level of dose rate sensitivity at dose rates lower than 10 mrad(Si)/s is significant. Fig. 6 shows the LDR EF of at 10, 30, 50, and 100 krad(Si). The LDR after 10 krad(Si) for devices irradiated at 1 mrad(Si)/s. The LDR EF is particularly significant at the lower total dose levels, due to the relatively low degradation levels from high dose rate irradiation at the lower doses. Nevertheless the low dose rate enhancement factor remained above 1.5 throughout the irradiation, and is significant relative to the devices shown here and in previous studies [18] .
The reference voltage increases due to degradations in the bandgap circuitry, which is commonly affected by total dose irradiation [18] , [23] , [24] . On the other hand, the increases in the line regulation reveal degradations to the error amplifier circuitry, possibly due to radiation-induced drift in the common mode rejection ratio and/or the power supply rejection ratio [24] . The degradation mechanisms indicate different components on the IC that are ELDRS susceptible.
The parameters are within specification at this stage of the irradiation. However the degradation rates at the ultra-low dose rates (1 and 0.5 mrad(Si)/s) may lead to parametric failures prior to 100 krad(Si).
C. LM317 Adjustable Voltage Regulator
The LM317KTTR is a commercial adjustable voltage regulator from Texas Instruments. We irradiated 4-5 samples at each dose rate, with all pins grounded. Fig. 7 shows the average change in the output voltage as a function of total dose, with V and mA, for different dose rates. We observed that the parts irradiated at 1 and 0.5 mrad(Si)/s showed an exponential increase in degradation to the after approximately 15 to 20 krad(Si). The low dose rate sensitivity of is shown more clearly in Fig. 8 . The relatively high standard deviations for at 1 and 0.5 mrad(Si)/s are caused by one outlier device at each dose rate. Unlike the output voltage degradation, the line regulation does not exhibit dose rate sensitivity. The line regulation shows similar levels of parametric degradation for the devices irradiated at the low dose rates as at high dose rate. The results suggest that the components in the error amplifier IC of the LM317 are relatively less susceptible to ELDRS than the bandgap circuitry. 
D. LM158 Operational Amplifier
The LM158AJRQMLV is a low power dual operational amplifier manufactured by National Semiconductor, qualified up to 100 krad(Si) at 10 mrad(Si)/s. We irradiated 3 samples at each dose rate, with all pins grounded. Fig. 9 shows the average input bias current as a function of total dose. The parts irradiated at 0.5 mrad(Si)/s showed relatively higher degradations than the parts irradiated at 10, 5, and 1 mrad(Si)/s. Fig. 10 shows the average change in the input bias current ( ) as a function of dose rate. The parts exhibited low dose rate sensitivity at 0.5 mrad(Si)/s. However the dose rate enhancement is not significant, at this stage. The LDR after 30 krad(Si) for the parts irradiated at 0.5 mrad(Si)/s.
The parametric degradation levels are within specification limits, with the exception of one part each at 0.5 and 5 mrad(Si)/s, which showed significantly higher degradation levels than the other samples at their respective dose rates.
One part irradiated at 5 mrad(Si)/s showed parametric failure of after 80 krad(Si), as shown in Fig. 11 . One part irradiated at 0.5 mrad(Si)/s showed nA after 30 krad(Si), as shown in Fig. 12 . The error bars indicate channel-to-channel variation, for the two operational-amplifiers in one package.
There are negligible amounts of variation in the degradation levels from devices in the same package, which suggests possible die uniformity and/or packaging inconsistencies. The data from these two devices were not included in the average parameter values plotted in Figs. 9 and 10 . The relatively small sample size reduces probability confidence levels. And the results indicate that a larger sample size may be required at the lower dose rates.
E. RH1021 Voltage Reference
The RH1021 is a 5 V precision voltage reference manufactured by Linear Technology, qualified up to 100 krad(Si) at high dose rate. We evaluated two types of packages, the TO-5 cans (RH1021CMH) and the 10-lead Flatpacks (RH1021CMW). We irradiated 4 samples at each dose rate, with all terminals grounded. Fig. 13 shows the reference voltage as a function of dose at different dose rates for the RH1021CMH devices. We observed low dose rate sensitivity for the parts irradiated at 10 and 5 mrad(Si)/s. In particular, the for the parts irradiated at 5 mrad(Si)/s exceeded post-irradiation specification limits after 80 krad(Si). In fact, the mean LDR after 30 krad(Si) for the parts irradiated at 5 mrad(Si)/s. The data at the lower dose rates (1 and 0.5 mrad(Si)/s) are insufficient to determine a trend at this stage of the test.
Fig. 14 compares the change in the reference voltage ( ) for the TO-5 can and the Flatpack packaged devices irradiated at 5 mrad(Si)/s. The TO-5 can packaged devices showed relatively higher degradation levels. Although not shown here, the lower dose rates also showed a similar trend.
Therefore the results suggest that these Flatpack devices (RH1021CMW) are not susceptible to enhanced ELDRS from hydrogen contamination. 
IV. DISCUSSION
We observed low dose rate sensitivity across commercial and radiation hardened devices, including ELDRS-free devices (qualified at 10 mrad(Si)/s). Critically, we found that the parametric degradation increased with decreasing dose rate, down to the lowest dose rate tested at 0.5 mrad(Si)/s. Fig. 15 , which plots the LDR EF as a function of dose rate, illustrates the significance of low dose rate sensitivity for the devices in this study. The figure indicates the ELDRS susceptible LDR EF level of 1.5 as designated by MIL-STD-883G TM 1019.8. The data from LM117 and TL750L are not included in the figure, for clarity. We observed that several parts only begin to exhibit ELDRS at dose rates lower than 10 mrad(Si)/s. The degradation levels also varied considerably for different part types. For example, the TL750L voltage regulator showed functional failures, with the initial failures occurring after 60 and 10 krad(Si), for devices irradiated at 10 and 0.5 mrad(Si)/s, respectively. Many flight missions have requirements that lie within these total dose levels. Clearly, a radiation design margin of less than will not bound the degradations at 0.5 mrad(Si)/s. Such a high variance of the total dose hardness level introduces critical mission risks.
Furthermore ELDRS at the ultra-low dose rates exists across devices of different hardness assurance levels. The most significant cases of dose rate sensitivity were found in commercial devices. However we also observed ELDRS in devices that were qualified at 10 mrad(Si)/s. Fig. 14 shows the ratio of the parametric degradation at ultra-low dose rate to that at 10 mrad(Si)/s Fig. 15 . Low dose rate enhancement factor versus dose rate for various devices in this study. Fig. 16 . Ultra-low dose rate enhancement factor ( parameter at ultra-low dose rate/ parameter at 10 mrad(Si)/s) versus dose rate for the LM158 and LM117 ELDRS-free processes.
after 30 krad(Si) for the ELDRS-free LM117 and LM158. The enhancement factor at the ultra-low dose rates increases with decreasing dose rate. The LM117 showed an ultra-low dose rate enhancement of at 1 mrad(si)/s relative to that at 10 mrad(Si)/s. The LM158 showed a similar level of enhancement at 0.5 mrad(Si)/s. Another study showed that the ELDRS-free LM2941 voltage regulator, manufactured by National Semiconductor, also showed dose rate sensitivity at 1 mrad(Si)/s, but remained within specifications up to 80 krad(Si) [20] . There are several other ELDRS-free devices in this study, which have yet to accumulate sufficient data for conclusive evidence of ELDRS susceptibility. So we will continue to assess the issue as the irradiation progresses. Nonetheless the application of an overtest factor of 1.5 on the specification dose for parts that exhibit ELDRS, as required by MIL-STD-883G TM 1019.8, will not be able to bound risk in the ELDRS-free devices shown here that exhibit susceptibility at ultra-low dose rates.
Although several commercial, radiation hardened and ELDRS-free devices showed ELDRS, many other devices with similar processes did not exhibit ELDRS. The effects of ELDRS in a linear bipolar circuit will vary significantly depending on the transistor layout and circuit design. Each IC may utilize different components on the same process. One design may comprise of mostly vertical NPN transistors, while the other may consist of more lateral PNP transistors, which are relatively more susceptible to radiation-induced gain degradation at low dose rates [12] , [26] . Therefore, while the degradation rates of bipolar transistors from two different devices of the same wafer lot are similar, the response in ICs can contrast substantially [12] .
The results also showed that various part types are susceptible to ELDRS at the ultra-low dose rates, including voltage regulators, references, and operational amplifiers. In particular, several voltage regulators exhibited significant dose rate effects. The degradation mechanisms are distinct in each device. For example, we determined that TID-induced degradations to the pass transistors, which reduced the maximum current drive, caused the functional failures in the TL750L. The degradations to the reference and output voltage in the LM117 and LM317 are caused by degradations to the bandgap IC. The increases to the line regulation in the LM117 also revealed degradations to the error amplifier IC. Therefore, we can identify the different components on the same process or die that are ELDRS susceptible, by understanding the degradation mechanisms. These findings are essential for hardness assurance design decisions on any process and/or circuit level modifications.
It may not be sufficient to bound the degradation at these ultra-low dose rates with a constant overtest factor or by increasing the parameter delta design margins, for a 10 mrad(Si)/s irradiation test or an accelerated test. The most reliable method is to test at the required mission dose rate.
However, a target mission dose rate is not always known, as the dose rate in space will fluctuate significantly. Additionally, the low dose rate testing can last up to several years, depending on the total dose and dose rate requirement. Therefore, mission assurance should plan accordingly for ELDRS evaluation.
V. CONCLUSION
We have presented results of ultra-low dose rate irradiations ( mrad(Si)/s) for a variety of radiation hardened and commercial linear bipolar devices. The results indicate that the current standard test method for ELDRS cannot safely bound the degradation levels at dose rates lower than 10 mrad(Si)/s for all devices. Even devices that were qualified at 10 mrad(Si)/s showed ELDRS at the ultra-low dose rates. The high variance in the magnitudes of the degradations at the ultra-low dose rates further complicates the issue. We may not be able to assure the safe operation dose range with a reasonable constant design margin.
Testing at dose rates lower than 10 mrad(Si)/s or at the mission dose rate may become impractical due to the long irradiation times. Nonetheless, accelerated test methods should be applied cautiously, assuring that the results are representative of the true dose rate response.
Many devices in this study are still in progress of irradiation. We continue to monitor the test results, and evaluate the prevalence of ELDRS at the ultra-low dose rates. Nevertheless, the examples shown here introduce new challenges for radiation hardness assurance.
